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e::?3eii;eitt's.'Pit t he ' sir i but i on . '.of . fuel • ii: fuel' sprays 

... By Dana.. W.Lee ■ 
SUHMAEY ' . 

Tlie dis tr ilDut ion of the f^^el in sprays for compres- 
sio-...:-ig^ait ion engines was invest ii^at ed Toy taking .liigji.- 
speed spari plioto-^'raplas of fuel sprays produc ed under , a 
wide variety of conditions, and al 3 o iDy 'inj ec t ing them 
against pieces of ^ Plast icine. A plio t ographic study was 
made of sprays injected into evacuated cha-mhers j - into the 
atmosphere ^ • into' co.iirpr es s ed air, and into t ranspar ent -.1 iq-- 
uicts, 'pairs of identical sprays 7;ere injected counter to 
each other and their "behavior analyzed. Small high^-veloc- 
ity air jets were drr ec t-ed norraa'liy '..t o .t'Ke axes of fuel 
sprays, with the result that the envelope of spray which 
\isually ohscures the core was "blo^n aside, leaving; the 
core e::posed on on.e side, 

• * The res'^ilts showed that' the dist r ihut ion of the fuel 
within the sprays was very uneven. Under eng ine- op erat ing 
conditioiis the fuel was suhdivided into. many small parti-' 
cl.es hy the time it had penetrated C , 7.5" inch,' In the cores 
of the sprays, these particles had a Jiigh- Vel oc ity relative 
to the air in their immediai.e.: vie ini ty , hut as their veloc- 
ity was rediiced, they were forced or.t of the core and formed 
t".:e spray . envelope-, . The- shape, of t;:e central core varied 
with the. density of the chamher air, Decerning shorter and 
thic'::er with increasing air density. - 

i:7troduct-io:t 



Because of the great importance of fuel di st r ih^it ion 
in. the development of light-weight conpr ession- ignit ion en- 
gines, this s(^ries of : exper iment s wa^ • undiertal^en f or the 
p-j.rpose of - obtaining more information on the distribution 
of the fuel within fuel sprays "for ' this type-of engine. 
There are two general methods availaole for such an inves- 
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tigation: the separation of the sprays into parts, fol- 
lowed Dy a determination of the amounts of fuel in each 
part, and the high- speed ^phot o^^raphy of spray s produced 
under conditions especially arranged to reveal the de- 
sired information. The first method has been success- 
fully used at the Pennsylvania State College with sprays 
from plain cylindrical nozzles (references 1 and 2), and 
the results showed that the- fuel concentra^tion was great- 
est in the center of the spray. Many early spark photo*^ 
graphs made "by the National Advisory Committee for Aero- 
nautics also showed this to he true, hut the density of 
the spray cloud was so great that little could he learned 
of the internal structure of the sprays. 

In the present experiments,- the. photographic method 
was extended and improved by decreasing the exposure tim.e, 
and by injecting the fuel under conditions which had not 
been used before at this laboratory. These experiments 
were conducted during the summ'er of 1931 by the National 
Advisory Committee for Aeronautics at Langley Field, Va» 

APPARATUS AND TEST METHOD 



A complete description of the spray-photography equip- 
ment used in this investigation is" given in reference 3. 
Briefly, the spray is illuminated by a series of spark dis- 
charges, and the images are focused on a moving film, by a 
len.s. The duration of the individual spark discharges has 
never been accurately determined, but the amount of blur- 
ring in some of the photographs indicates a duration of 
fromO. 00001 to 0.000001 second. 

During part of this investigation, the spark-produc- 
ing circuit was replaced by that shown in Figure 1. This 
circuit is similar to those which have been used in elec- 
tric stroboscopes and f'or the photography of bullets in 
flight. The duration of the spark discharge in such cir- 
cuits is said to be of the order of 0.0000001 second. (Ref- 
erence 4.) The high-voltage condensers A and B have capac- 
ities of approximately 0.1 and 0.003 microfarad, respect- 
ively. They were charged to a potential of 30,000 volts by 
using a transformer and a rectifying tube. A cotton string 
wet with calcium chloride solution formed a high electrical 
resistance and was used to keep the two condensers at " the 
same potential. The spark was timed by a disk switch on a 
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sl.',aft connected through .an adj-iis ta ol e co-.:.pl in::^' o ^he cam- 
shaft controlling the fuel injection, Tnen the switch was 
closed "by a rotation of the shaft, condenser B discharged 
across"'{^ap The YJ^idth of the t\io spark gaps was so ad- 

just ed that' condenser A would not discharge across "both of 
theur un^il after the air in gap C had he en ionized hv the 
dischdtg-e' of condenser 3, The discharge of condenser A a- 
croDs"'>ap E famished the light for photographing the spray, 
gap' C' heing shielded f rora the camera. The copper connect- 
ing wire-s were ahotit three, thirty- seconds inch in diameter 
and" v-ere made as- short as possihle to minimize the resist- 
ance of the circuit. The sparh-gap points were m.ade of 
c»"op-;.er instead of the magnesium regularly used, to. reduce, 
the afterglow of met all ic . vapor which follows the brea:.':-- 
d'bwn of the spark discharge. As this circuit delivered on- 
ly a single spark, the photograph was taken on a stationary 
film. Sets of photographs showing the various stages i:.i 
the development of the sprays were ma.de hy using a differ- 
ent spark timing for each photograph. The. high-speed spark 
circuit \/as .used during an inves t i,,;at ion of the effect of 
the density of. -the chamher air on the distribution of the 
f\iel "in fiiel sprays. The photographs were clearer than 
thoi?e -made with the regular circuit, revealing several new 
features of spray struc.tiire and • foritiat ion* 

The regular spark circuit was used to take several 
other series of spray photographs. In one serj.es, each in^ 
jection was composed of two separate sprays directed toward 
each other and impinging in the center of the.; chamber • A 
T connection was inserted in the injection, line, and. pieces 
of stoel tu.oing of oqr-al length and diameter wcr e. connect ed 
to the injection valves. As these valves .were of the same 
design, only a slight adjustment of the valve- opening pres- 
sures was neces.sary to caxis.e t'he sprays to -emerge from the 
tvro no^sles simultaneously. Open nozzles were also used, 
and th^se were so arranged thcat the distance- between tjie 
nor-.zlos could he changed. Sketches showing the type of in- 
jection valve and open nozzles tested may he found in rcf*- 
erence 5. .An orifice diameter oi 0.020 inch was used for 
all tests except those with the c ont r if ugal- typ e sl.:^rays; 
for those it -was 0.022 inch. 

The alignment of tne sprays was checked by pumping 
fuel through the nozzles at a pressu.re so low that unbroken 
jets of fuel were formed* These jets met -at the center of 
t>.e chamber and formed a disk of fuel about an inch in di** 
ameter. The plane of this liquid disk was at right angles 
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to the axis of the fuel jets, showing that the two noz- 
zles were in good alignment. 

Por another series of photographs a tuoe was "brought 
through the top of the spray ' chaiuher , its end closed, and 
a small hole drilled in this closed end. The othor end 
of the tuhe was connected to a compressed-air reservoir, 
so that a strong jet of air was produced in the spray cliarir- 
"ber. This jet was directed normal to the axis of tlie fuel 
spray at different distances from the fuel nozzle. Haiid 
valves were placed "between the compressed-air reservoir and 
'the air-jet orifice, and between the spray chamber and the 
atmosphere. By adjusting these valves, the injection pres- 
sure of the air jet and the charaher-air density could he 
regulated to the desired values. F\iel and air-jet injec- 
tion pressures and chamber-air pressures were measured with 
reference to the atmospheric presstire, and are so expressed 
in this report . 

The temperature • of the chamher air was approximately 
the same as that in the room for all tests. Changes in its 
density were secured hy changing its pressure. Densities 
less than atmospheric were obtained "by evacuating the cham- 
her with a piston- type vacuum pump, and those greater than 
atmospheric by connecting the chamher to a compressed-air 
reservoir. 

Experiments on the relative penetrating power of dif- 
ferent sprays, and of the different parts of the same spray 
were made "by injecting them against sLiooth-surf aced pieces 
of Plasticine. The depths and shapes of the impressions 
made in the Plasticine were com^pared for injections from 
plain cylindrical nozzles, and from nozzles having helical 
grooves in the valve stem. Different injection pressures 
and chamlDer-air densities were used, and the Plasticine was 
placed at different distances from the nozzles. This method 
of studying sprays was found to be very satisfactory, and it 
is recommended as a simple and valuable tost of the energy 
distrihution of the fuel, within fuel sprays. 

The fuel used in all tests was a high-grade Diesel fuel 
having a specific gravity of 0.8S at 80*^ P., and a viscosity 
of 0.0221 poise (35.0 seconds Sayholt Universal) at 100^ P. 
and atmospheric pressure. 
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RESULTS AlID DISCUSS lOST 

Effect of Air Densit- on tlie Dis tr i^biit ion 
of Euel in Sprays 

±^^^^t2i:i^.^l^k9A^l?.-t}^ ^ exact process "by 

wiiicli the jfuel irtjocted throuf-'h small nozzles is atomir::eA 
to form a spray is still a matter of controversy. Several 
theories have "been advanced "based on the resistin.^ force 
of the air into which the fuel is injected. Hovrever, ez- 
perimonts r.ade at this lahoratory on the effect of chamher- 
air density on the at omizat ion of fuel sprays (reference 6) 
shoved that the air density had little effect. furthermore, 
during the present investigation, spark photographs were 
made of fuel sprays injected into air having a density of 
only 0.000 5 pound. per cubic foot, and these showed the 
spra^T's to he "as well dispersed as sprays injected into air 
at atmospheric density. Even thou^i^^h the, density of the air 
fails to account entirely for the formation of the fuel 
droits, it will now he shown that it 'is of primary importance 
in the shaping" of the spray and the distrihution of the fuel 
within the spray, 

Comp-Litat ions of the velocity and penetration of single 
f^iel drops injected into dense air have heen made "by Kuehn. 
(lleference ?«) He shoued that for the range of injection 
velocities, drop sizes, and comhustion chamher-air densities 
commonly used in airless injection engines, in no case would 
a sin.f^;le fuel drop penetrate the air m\ich more than one inch. 
The fact that fuel sprays penetrate much farther he con-- 
eluded to he due to the mass effect of the large numoer of 
drops they contain. In the central part of the sprays, the 
drops are so closely spaced that most of them do not travel 
through still air, hut are in air which has heen disturhed 
hy preceding drops. The leading drops set up an air cur- 
rent in the direction they are moving, so that the later 
ones, although not traveling a greater distance relative to 
the air, actually reach points farther from the nozzle, 

Tl.e high--speed motion pictures of fuel sprays from cyl- 
indrical nozzles which have heen made at this laboratory 
have shown that the fuel in the central core of the spra^^ 
travels faster than that in the surrounding envelope. This 
fact indicates that the core is composed of drops which have 
a high velocity relative to the air i:i their immediate vi- 
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cinity and are causing it to move in the same direction, 
whereas the drops in the envelope are those which had heen 
injected earlier, delivered their energy to the air until 
they lost most of their velocity relative to it, and then 
were forced aside Dy the on^-coming column of air and fuel 
in the core "behind them* 

i;i£_taZ£et_t es_t£,-- The forego ing explanation 
of spray formation was siipported "by the results of the ex- 
periments with Plasticine targets. One of the preliminary 
experiments consisted of directing a jet of air against the 
Plasticine, It was found that no impression was made no 
matter how close the air nozzle was "brought to the Plas-- 
ticine siirface, or how great an a ir- in j ec t ion pressiire wa.s 
used. When fuel sprays were injected against the targets, 
impressions 'were formed having diameters less than the di- 
ameters of the sprays at the sections intersected hy the 
targets. In the sprays, therefore, it was the fuel rather 
than the air that deformed the Plasticine, and the "fuel in 
the central cores of the sprays had much more energy than 
that in the envelopes. 

In Figure 2 is shown a photograph of a series of im- 
pressions made in Plasticine hy sprays from a plain cylin- 
drical nozzle. The injection pressure was 4,000 pounds per 
square inch, the injection period 0.005 second, the orifice 
diameter 0.020 inch, and the air density 1.1 pounds per cu- 
bic foot. The mimher Deside each impression is the dis- 
tance in inches "between the nozzle and the surface of the 
Plasticine at. the time of injection. In the following ta- 
ble are listed the diameters and depths of the impressions, 
and in the last column are given the outside diameters of 
a spray, produced under the same conditions, and measured 

esponding distances from the 



Depth of Outside diameter 
impression, of spray from 
iiLches_ phot ograph , ixiche_s 

1 . C 0.25 

.9 .50 

.5 .75 

.1 .94 

.05 1.10 



from a spray photograph at c 
nozzle. 



Distance from Diameter of 

nozzle to tar- impression, 

get _3 i.iiche_3 1^9^^ 

0.25 0.08 

1.0 .20 

2.0 .25 

2.5 .20 

3.0 .12 



7 



A comparison of the second, and last col-amns of the 
talDle' shows that altho^jgh the general outline of the spray 
was a cone., the core of rapidly moving fuel in the center 
increased in diameter until it reached a poi^^t ahout 2 
inches 'from the nozzle, and then diminished. Targets 
placed 3.5 inches from the nozzle showed only a . shallow 
impression; at 4 inches, no impression at all.|could he 
seen. At this distance, so much of the Icinetic "energ;y of 
th.e f^^el 'had "been transferred to the air .that the spray ' 
could ma"~:e no mar?i: on the target. 

For each of these tests, the thickness of the Plas- 
ticiiie was made sufficient to stop the fuel ' completely • 
The hottom of the impressions was always conical in form,, 
indicatinfi roughly the distrihution of energy in the spray 
core. In -this connection, the tests. nade at the Pennsyl- 
vania State College (references -1 and 2) on the distrihu- 
tion of fuel within sprays from cylindrical no-zles are 
of interest. The two Methods suppl ement ' each other very 
well; the IT. A. C .A. . test s give results for the core of the 
spray, and the Pennsylvania " Stat e College tests give data 
for the envelope. 

The diameters- given in the.tahle are those at the sur- 
face of the Plasticine. An examination of the deeper im- 
pressions showed, that their diameter increased somewhat "be- 
low the surface.' The enlargement was prohahly caused hy 
the hlasts of air that were carried, into the holes hy the. 
fuel particles. In another series. of tests, thin slices 
of Plasticine were used, bached cy •'-ire screening. This 
arr-a-ngement allowed' the fuel spray, to pass through the tai- 
get, leaving a hole which, more accurately indicated the 
.core diameter. For the sai;:ie conditions to which the r e- 
siilts of the table apply, and at the same distances from 
the nozzle, the diameters of the impressions were 0.04, 
0.08, 0.14,0.18 and 0.15 inch, respectively. 

In Figure 5 is shown a photograph of the impressions 
made in Plasticine hy sprays injected into the atmosphere. 
The injection pressure was 4,000 pounds per square inch, 
and the nozzle diam-eter 0.020 inch., as before. The form 
of the impression varies from an almost ' straight-walled 
hole , 0.10 inch in diameter and .about 0.50 inch deep at the 
6- inch distance, .throu.gh a series of tru.mpet shapes having 
increasing* amounts of flare and less depth, u.ntil at 24 
inches the impression is .of almost- uniform depth. 



17.A,C.A, Technical Note ITo. 410 



Sjia rk_^h 0 1 ogr a£h s _sh^ ^ £ n s.i 1 2: . - 

The influence of air density on the str\Tc'ture of "fuel sprays 
is shown hy the photographs in Figure 4, which vera made 
with the high-speed spark circuit shown in Fifjure 1. Pi^.;- 
ure 4A was made with a chamher-air density of 0.0005 pound 
per cuhic foot (pressure = 0.5 centimeter of mercury)'. It 
shows the form taken by a fuel spray from a plain, nozzle 
when the density of the chamher air is negligible* A com- 
parison of photographs made at different stages of injec- 
tions into evacuated chambers showed that all parts of the 
spray had very nearly the^ same velocity. For Figure 4B the 
chamber-air density was atmospheric. The core of the spray 
is shown quite distinctly, surrounded by the envelope. 
Streamers of spray are projecting away from the core and 
downward. ^ These were formed as the spray tip passed these 
places, the conical tip being continually replaced by fresh 
fuel coming up the core. When the cham.ber-air density was 
raised to 1.1 pounds per cubic foot, the velocity of the 
spray tip was so greatly reduced that the fuel thrown off 
completely hid the core. (Fig. 4a) For this .last case, 
the chamber-air density corresponded to -that at top center 
in an engine with a compression ratio of 14.5. 

The high-speed spark photographs of injections into 
air at atmospheric density gave some interesting results. 
The chamber air was dense enough to show some effect on the 
sprays, but not dense enough to cause the core to be hidden. 
In Figure 5 are shown two photographs of fuel sprays in the 
atmosphere, the. injection pressures being 5,000 and 700 
pounds per. square inch. In Figure 5A notice the vortices 
at the edge of the spray, probably caused by the different 
velocities of the air in the core and the envelope. Alsa 
notice in Figure 5B that the core does not appear as a sol- 
id Jet of fuel, but seems to be atomized. . ' 



Effect on Spray Penetration 
of Injecting into liquids 

As the density of the air into which the sprays were 
injected was increased, the deceleration of the spray tip 
became more. rapid. However, even when using the greatest 
air pressure that /was safe in the spray chamber, the spray 
tip was still moving rapidly when it reached the opposite 
side of the chamber. The density of the medium was' raised 
without going to dangerously high pressures by injecting 



IT.A.C.A. Technical ITote ITg, -410 



9 



tlie fuel into water and glycerin. Tlie medium itself liav- 
ine2; l^een changed, the results can not he strictly compared 
with those obtained with air, hut spark photO{^raphs made 
with the regular spark circuit showed that the shape and 
general hehavior of fuel sprays injected into water were 
similar to sprays injected into compressed air when the 
sa::.3 injection valve and nozzle were used. (See fig, 6«) 
When f^j.el sprays were injected into v/ater that was at at- 
mospheric pressure, the fuel Jet was very narrow and the 
rate of penetration nearly as hi£;h as that in air having 
a density of 1.1 pounds per cuhic foot. When pressure was 
applied to the v/ater the rate of penetration was much lower, 
and the Jet much hroader. Similar results were obtained 
when the fuel sprays were injected into glycerin. • 

In the spray photographs of Figure 6, and in those 
which follow, the time scale may "be obtained from the lin- 
ear scale given in each case, -the distance representing 
one inch on the linear scale also representing 0.0005 sec- 
ond- on the time scale. 

Figure 7 shows the variation in spray-tip penetration 
with time for fuel sprays injected into water and glycerin 
having various pressures, and also shows one curve for a 
spray injected into compressed air for comparison. Notice 
that the rate of penetration does not decrease uniformly 
with increasing water pressure, an increase from atmospher- 
ic pressure to 15 pounds per square inch having a greater 
effect than a further increase to 100 pounds per square 
inch. Injections into gases having various pressures and 
the sa:"e temperature have shown the sane tre^id, but to a 
lesser extent. (Reference -8.) As the density of a liquid 
changes very little with pressiire, the decrease in the rate 
of Tjenetration can not be attributed to an increase in the 
density as it was for gases-. Neither can it be attributed 
to- a chvunge in viscosity i-n the case of water for the ef*- 
f'Bct of a change of pressure of this magnitude on the vis- 
cosity of water is very slight. Only two injections were 
made into glycerin, but in each case the penetration was 
greater than with water at the -same pressure. This was 
contrary to expectations, for both the density and viscos- 
ity of glycerin are greater than those of water. 

Another feature of the curves in Figaire 7 is the sud- 
den decrease in their slope after 0.0005 to 0.0015 second. 
This break probably represents the change from a forward 
motion of the fuel through the liq^iid medium to a turbulent 
movement of mixed fuel and liquid medium. 
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Opposed Fuel Sprays 



In the experiments with ideiitical sprays directed 
against each other, the axes of. the t7:o sijrays were coin- 
cident, Each sgray "bein^; syniuet.r ic^tl ahout its axis, sim- 
ilar parts, of. the tw.o sprays raet in the center of the 
chamher.. The result of ..this meeting, as shown "by the spar'- 
phot o§:raphs , can be explained along the lines of the fore- 
going discuss ion. 

.Figures 8 to 11 show four series of spark photographs 
of sr.ch opposed fuel sprays., ir.ade with the .regular spark 
circuitt Each series was made with an injection pressure 
of 4,000 pounds per square inch, hut with different cham*- 
.her-air densities. The distance between the nozzles was 5 
inches for this series of photographs , so that the sprays 
inet after each had become . 2 ,5 inches long, ' With the cham- 
ber evaciiated (fig. 8) there was some interference betp^een 
the opposing sprays but there was no indication of a disk 
such.. as was for.rned when two solid, je-ts were directed a- 
gainst each other.. There being practically no air present 
to hinder the motion of the. fuel, the deflected portions of 
the sprays quickly f.illed the space around the main jets. 
With the chamber air at atmospheric pressiire (fig. 9) the 
cores of the sprays again met. each other with little inter- 
ference. In this case, however, the deflected portions 
were quickly stopped by t.he ,a i.r., . s o that they formed an 
eddying envelope about the cores. 

When the density of the chamber air was increased to 
0,60 pound per cu.bic foot (fig.. 10) there was practically 
no interference between the sprays. They were apparently 
so well dispersed that the drops in each spray passed be- 
tween those of the other spray. For Figure 11, the cham- 
ber-air density was raised to 1.1 pounds per cubic foot. 
The sprays again passed through each other, but a differ- 
ent kind of interference was shown by the bulging of the 
envelopes at the meeting point. The appearance of thin 
biilging suggests that it Y/as caused by the meeting of two 
columns of .air, and this explanation is consistent with 
Kuehn's conclusion that the rapidly moving drops set up an 
air current within the spray. 

Figure 12 shows, two sprays' of the centrifugal type di- 
rected against each other in air having the same density as 
for Figiire 11, In this case the spray tips do not continue 
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to move forward after .Lieefing, "'out a., cloud of spray . is 
projected at r i^'ht 'an^sies, tQ\' tn^ .-sprav axis. The results 
of Plasticine t arget ' t'e s t s w ith ' c e;at r if ugal- type sprays 
sliOi;7ed thct tlieir cores were composed of t^.70 distinct parts- 
a sT.all central rJet and a hollow cone su.rr on.nding the jet. 
Spark phot o^r^raphs showed that." the central jet emerged he-- 
fore the' hollow cone, out that it was soon overtaken hy the 
cone, Ihis jet is prohahly composed of the fuel trapped oo- 
tween tlio orifice. and s t em, seat , ■ s o that it is injected 
without any . whirling motioij,' /Sprays., of. this t^.^p.e have a 
very low penet rat ing. power; .the naxlmurn distance in air, at 
a density of 1.1 pounds, per cu/oic foot at which they wor.ld 
'make a r.ark on. the Plasticine, was 0',7;5 incho At a distance 
of inches, t-Aerefore, all the drops must -have come near- 

ly to a stop .with respect to the air, and so the resu.l.ts 
shown in figure 12 are easily understooda 

Summarlz in^; - .there were .'t wo. .ext r e'^nes; . of spray inter- 
feirence: in one, the two sprays were not. ..dispersed well 
enou";h' for the drops to pass "between those of the opposite 
STjray and in the o.ther they were well dispersed, hut all of 
the' drops had lost nearly all velocity relative to the air. 
'I.Iost of the cases phot ographed fell' between these, two ex- 
tremes,. . 

figures 13 to 15 show opposed-spray injections into 
air kept at constant dens ity., . .hut w.ith .different injection 
pr OS s^^.r es.' and' distances between the nozzles. It was neces- 
sary to use open nozzles for this series, hut as previous 
tests (reference' s) have shown that sprays froia these noz- 
*zles are s ir.il.'i.r'' to those from the injection valves use.d 
in the variahle air density- series, the results of the two 
'series' may he coi:ipared, 

I'OT hoth Figures 13 and 14 the distance hetvreen the 
nozzles was 3 inches, hut the injection pressures were 500 
and 4CC0 poiinds per square inch, respectively, Tfith- the 
low'er injection pressure the dispernion was apparently poor 
.for, the sprays showed the same type of interference as 
those" of the previous series made at low air densities, 
T7ith the higher a'ir density there was little interference, 
the results hein.: similar to those shown in Figures 10 an.d 
ll," • _ • ■ 

Figu.ros 11, 14, and 15 form a series in which the va- 
riahle is the distance hetween the nozzles. In each case 
the photographs are quite similar, llotice in Figure 15 



12 



II.A.C. A. ' Technical !Iote ITo. . 410 



that the sprays pass throug-h e^ich other and rehound from 
the end of the opposite no z 7.1 e • hoi de r . This fic£:ure shows 
that even at 0*75 inch f r om the . no z s 1 e , a high-velocity 
G^pray in dense air is \7ell "broken up. 



Effect of Air Jet s . 
Directed Normal to Fuel Sprays 

• TlLe photographs of fuel sprays having air Jets di- 
rected normal to their axes were made to investigate the 
characteristics of the spray cores. The air jets deflected 
the spray envelopes leaving the cores exposed on one .side. 
For Figures 16, 17, 19, and 20 the fuel was injected with 
an open nozzle, hut for Figure 18 an automatic injection 
valve was used. In each case, the fuel-orifice diameter 
.Fas 0.020 inch and the orifice diameter of the air Jet was 
0.040 inch. The photographs shown in Figures 16 to 18 were 
made with the chamber air at atmospheric 'density, and with 
the air. Jet approaching the fuel Jet from the right. In 
^-Figure IG, the fuel in the envelope of the spray is shown 
hging driven aside by the air Jet, leaving the core exposed 
and deflected slightly. In Figure 17, for which the fuel- 
injection pressure was only half that for Figure 16, hoth 
the envelope and the core are shown "being deflected by the 
a ir . J et • 

The point of intersection of the fuel and air Jets was 
.about one-quarter inch from the fuel no-^zle for Figure 16, 
and about el even- s ixt eenths inch for Figure 17. In both 
cases the distance from the air orifice war. about one-six- 
teenth inch. For Figure 18, the distance from the fuel no2r- 
zle was 3.5 inches, and from the air orifice about 1 inch. 
In Figure 18 the core is being nonunif ormly deflected by 
the air Jet, showing that the distribution of the fuel in 
the spray core was not uniform. 

In Figures 19 and 20 are shown photographs of fuel 
and air Jets intersecting acout"^ three-quart ers inch from 
the fuel nozzle and one-quarter inch from the air orifice ' 
in a chamber where the air density was 1.1 pounds per cu- 
bic foott For Figure 19 the air Jet was coming from the 
right, but for Figiire 20 it was moving directly away from 
the camera lens. 
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D^.fferent v.^-;J.ues of the air-Jet injection pressure and 
tlie cjianljer-a ir press'are were nsed, o\it their ratio was al*- 
wa3"s jreater than 1 • 9 which is tlie critical value at which 
the velocity of t he . i s suin/;: Jet oecoriics equal to the veloc- 
ity of sound. An 'increase in the value of this ratio will 
not increase the Jdt veldcity. The ' veloci't ies of the air 
Jets in these experiment^ were therefoi-e the sane in all 
cases, and theix' energies depended only on the density of 
the air in the -Jets, Fhotorraphs made with different air- 
Jet i/ijection pressures, "but with the same fuel- inj act ion 
pressure and charnher-air density, showed little variation 
in the sprays. The lesser deflection of t"he core shown in 
ITi -rdre" 16- as compared with figure 1? should therefore oe 
attriouted to the higher fuel- inJ ect ion pressure of the for- 
mer rather than tlie' lower' a:ir-Jet' injection pressiire. Also, 
in conparin.^ Pi^'ure IS with Figure 19, the ^:reater deflec- 
tion' of the- latter should he attrihuted to the increased Vlcrxi- 
sity of* the air in th'e air' Jet, and to the decreased velocity 
of the fuel in the spray core. 

• • COIICLUSIOI^IS 



1. 'Die distr iout ion of t-ie fuel in hoth the core and 
the envelope of fuel sprays is very uneve^^. 

2, Under engine- oper at in^^ conditions, Diesel fuel in- 
jected throui^h a O.O^^C— inch cylindrical nozzle is suhdivided 
into many parti^^les by the time it has [: enet rat ed. 0 • 75 inch. 

S. I'l^lly developed fuel sprays are composed of a cen- 
tral core and an outer envelope. The core is composed of 
fuel particles having a hi^-h velocity relative to txie air in 
their inmec'iiate vicinity.' As a result of 'this relative ve- 
locity ci current of air is. sot up in the core. The envelope 
is composed of fuel particles that w,ere form.erly in the core, 
where t'ley transferred their energy to the air 'until they 
lost most of their velocity relrtive to it, and were then 
forced out into the envelope "by the oncoming column of air 
and fuel in the core "behind theii. 

4. The shape of the central core varies with the den- 
sity of the air, hecomin^* shorter and tliicl^er with increas- 
ing air density. 

LaU};^! ey K emor ial Aer ona iit i cal Lahorat ory , 

lTationa.1 Advisory Com.mittee for Aeronautics, 
Langley Field, Va., February 13, 1932. 
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Fig. 2 Impressions made in Plasticine "by fuel sprays injected through air 
having a density of !•! pounds per cubic f cot - 
Puel-injection pressure - 4,000 pounds per square inch. 
Valve-opening pressure - 3,500 pounds per squaxe inch. 
Figures heside each impression indicate the distance "between 
the nozzle and the Plasticine, in inches. 




Fig. 3 Impressions made in Plasticine "by fuel sprays injected through air 
having a density of 0.076 pounds per cuhic foot. 
Fuel-injection pressure - 4,000 pounds per square inch- 
Valve-opening pressure - 3,500 pounds per square inch. 
Figures heside each impression indicate the distance "between 
the nozzle and the Plasticine, in inches. 



Fig. 4 High-speed spark photographs of fuel sprays injected into air 
having different densities. 

Injection pressure, 4000 pounds per square inch ^ 
Chamber-air density, (A) 0.0005 pounds per cubic foot ^ 

II H II (B) 0.076 " " " " 

H II tt (c) 1.1 II '< " " 
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ffig.o High-speed spark photographs of fuel sprays injected into xiit 
atmosphere. 

Chaa"ber-air density, 0.076 pounds per cuhic foot 
Puel-injection pressure, (A) 3,000 pounds per sqpiare inch 
" " " ,(B)700 pounds per square inch 
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Time, seconds 

Fig,? Effect of the liquid pressure on the spray-tip penetration of fuel sprays injected into ^ 
water and glycerine. 



Opposed fuel sprays injected into air at atmospheric density. 
Puel-injection pressure, 4,000 pounds per square inch. ^ 
Chamber-air density, 0.076 pounds per culDic foot. ^ 



Fig. 10 Opposed fuel sprays injected into air having a density corresponding 
to that in an engine at a compression ratio of 7.9:1 . 
Puel-injection pressure, 4,000 poTinds per square inch. 
Chain"ber-air density, 0*60 pounds per cubic foot. 
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JTig.ll Opposed fuel sprays injected into air having a density corresponding 
to that in an engine at a compression ratio of 14.5:1. 
Fuel-injection pressure, 4,000 pounds per square inch. 
Chainber-air density, 1.1 pounds per cutic foot. 
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Fig. 12 Opposed centrifugal-type sprays. 

Fuel-injection pressure, 8,000 pounds per square inch. 
Diameter of orifices, 0.022 inch. 
Groove helix angles, 40^. 

Chamter-air density, 1.1 pounds per culic foot. 





Fig, 13 Opposed sprays using a low injection pressure. 

Pael-injection pressure, 500 pounds per sq\iaxe inch. 
Chamber-air density, 1.1 pounds per cuhic foot. 
Distance "between open nozzles, 3 inches. 
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Fig. 14 Opposed sprays using a high injection pressure. 

Fuel-injection pressure, 4,000 pounds per square inch. 
Chamher-air density, 1.1 po\inds per cubic foot* 
Distance "between open nozzles, 3 inches. 
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Flgtl5 Opposed sprays with the nozzles close together ^ 

Fuel-injection pressure, 4,000 pounds per square inch 
CharnLer-air density, !•! pounds per cubic foot. 
Distance "between open nozzles. 1.5 inches . 
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Pig.ie Fuel spray with an air Jet impinging at right axigles from the right. 
Fuel-injection pressure, 1,000 pounds per square inch « 
Air-jet injection pressure, 200 pounds per square inch. 
Chemher-air density, 0.076 pounds per cuhic f oot » 



CD 

Fig. 17 Fuel spray with, an air jet inipinging at right angles from the right. o 
Fuel-injection pressure, 500 poamds per square inch. *^ 
Air-jet injection pressure, 500 pounds per square inch. o 
Cham"ber-air density, 0.076- pounds per cubic foot. 
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Fig.18 Fuel spray with an air jet in5)iiiging at right angles from the right. 
Fuel- injection pressure, 500 pounds per square inch. 
Air- jet injection pressure, 500 pounds per square inch* 
Ghamher-air density, 0.076 pounds per cubic f oot w 
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Fuel and air Jets intersecting at right angles. Air Jet from the right. 
Puel-inJ action pressure, 1,000 potmds per square inch. 
Air-Jet injection pressure, 500 pounds per square inch 
Chamher-air density, 1.1 pounds per cuhic foot. 
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Fuel and air Jets intersecting at right angles. Air Jet moving 
away from camera lens . 

Puel-injection pressure, 500 pounds per square inch. 
Air-Jet injection pressure, 500 pounds per square inch- 
Chamher-air density, 1.1 pounds per cutic foot* 
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